Introduction
Phthalocyanine and its metal complexes are known to be useful in the wide range of applications as dyes, pigments, photosensitizers, active layers of optical discs, sensors, solar cells, etc. [1, 2] due to their versatile properties coming from their π-conjugated structure. Phthalocyanine properties can be tuned both by changing central metals and by introduction of different substituents into the aromatic ring. [3, 4] Due to their semiconductor properties metal phthalocyanines are used as resistive sensors toward different gases and volatile organic compounds (VOCs). [5, 6] For instance, it is well known that phthalocyanines have significant potential to be used as active layers of sensors for detection of NH 3 and amines, [7] [8] [9] as well as many other gases, namely NO x , [10] [11] [12] CO, [13, 14] H 2 , [15, 16] H 2 S and thiol [17] vapours. Besides some useful properties as active sensor layers phthalocyanine films have some disadvantages associated with their comparatively low conductivity and poor mechanical properties. One of the manners to overcome these obstacles is preparation of the hybrid materials on the basis of phthalocyanines and carbon nanomaterials (CNT or graphene). Combination of the properties of CNT (high conductivity and extremely high surface area) and the properties of MPc derivatives (appropriate binding sites for analytes resulting in charge transfer complexes) provides grounds for synergetic effect between CNTs and metal phthalocyanines. The CNT hybrids therefore provide good prospect for sensor applications as it has already been demonstrated in previous publications.
[ [18] [19] [20] [21] Wang et al. have immobilized tetra-tert-butylphthalocyanine on carbon nanotubes by π-π-interaction. [22] To enhance π-π interaction between MPc molecule and CNT surface and, therefore, to increase adsorption of phthalocyanines, introduction of aromatic substituents into the macroring was suggested. Pyrene groups were assumed to interact strongly with CNTs via π-π interaction. [23] [24] [25] Torres et al. [24] used metal and metal-free pyrene substituted phthalocyanines to form stable electron donor-acceptor hybrids. In our recent publication, we compared the structural features and sensor properties of hybrids of single walled carbon nanotubes with symmetrically polyoxyethylene octasubstituted ZnPc and similar asymmetrically substituted ZnPc-py with one pyrene group as a substituent. [26] It was shown that the interaction of ZnPc-py with CNTs is more favourable than in the case of ZnPc without pyrene substituents and the sensor response of ZnPc-py hybrid toward ammonia was larger.
In the present work, the influence of extension of the aromatic core on the properties of the functionalized single walled carbon nanotubes (CNT) is studied. For this purpose the comparative study of the structural features and sensing properties of the CNTs functionalized with zinc 2,9,16,23-tetra-tert-butylphthalocyanine (ZnPc) and zinc 2,11,20,29-tetra-tert-butyl-2,3-naphthalocyanine complex (ZnNc) is carried out. It is suggested that the additional benzene rings in ZnNc molecule will improve π-π interactions between naphthalocyanine aromatic ring and CNT surface.
Some properties of the hybrid materials on the basis of CNT and MNc have already been described elsewhere. [27] [28] [29] The photoconductivity of the hybrid films was found to increase remarkably in the visible region and broaden towards the red region. [29] The sensing properties of CNT/ MNc hybrids have not been discussed in the literature.
Experimental

Materials
The methods of the synthesis and purification of zinc 2,9,16,23-tetra-tert-butylphthalocyanine (ZnPc) have already been published elsewhere. [30, 31] Zinc 2,11,20,29-tetra-tert-butyl-2,3-naphthalocyanine (ZnNc) was purchased from Sigma-Aldrich (95 %) and purified by column chromatography (silica gel). CNTs were purchased from Sigma-Aldrich and used without further purification or chemical treatment.
Equipment
Shimadzu UV-Vis-3101 spectrometer was used for registration of the absorption spectra in the UV-visible region at room temperature. Scanning electron microscopy (SEM) images were obtained using a FEI-nova nanosem 200 instrument at an accelerating voltage of 5 kV. A Triplemate, SPEX spectrometer equipped with CCD detector was used for detection of Raman spectra in backscattering geometry. An Ar-laser (488 nm, 40 mW) was used for the spectral excitation.
Thermogravimetric analysis (TGA) was carried out using a NETZSCH TG 209 F1 at a rate of 10 °C⋅min -1 in a helium flow (30 mL⋅min -1 ). The films thickness was measured using spectroscopic ellipsometry (Woolam M2000VTM rotating analyser spectroscopic ellipsometer). Transmission electron microscopy (TEM) images were obtained using JEM-2010 instrument at an accelerating voltage of 200 kV. DC-conductivity measurements were carried out using Keithley 236 semiconductors characterization system.
Preparation of CNT/ZnPc and CNT/ZnNc Hybrids
ZnPc (5 mg) and ZnNc (5 mg) solutions were prepared by dissolving in 1 mL DMF and then sonicated for 15 minutes. Single walled carbon nanotubes were added to 3 mL of DMF and then their suspension was subjected to sonication for 30 minutes. To obtain the CNT/ZnPc and CNT/ZnNc hybrids, the solution of ZnPc and ZnNc was dropped to the CNTs suspension, respectively. Addition of the solution was continued until the solution colour is discoloured caused by adsorption of the phthalocyanine onto the CNT surface.
After stirring for another hour the mixture was centrifuged, and the obtained precipitate was washed with DMF several times, once with CH 2 Cl 2 , then centrifuged again and dried in vacuum.
Sensor Properties Study
The sensor response to low-concentration of NH 3 in the range 10-50 ppm was studied. Pure commercial NH 3 gas ("Dioksid", Russia) was used as the NH 3 source. Argon was used as a diluting and purging gas. Concentration and flow of NH 3 and Ar were controlled using mass flow controllers. The relative humidity was about 50 %.
Pristine ZnPc, ZnNc or their CNT/ZnPc and CNT/ZnNc hybrids were obtained as thin films by spin-coating their solutions in dichloromethane on glass substrates with deposited interdigitated Pt electrodes (DropSens, G-IDEPT10). The dimension of gaps was 10 μm; the number of digits was 125×2 with a digit length equal to 6760 μm; cell constant is 0.0118 cm -1 . The electrical characterization of the hybrid films was carried out using a Keithley 236 electrometer by applying a constant dc voltage of 3 V.
Results and Discussion
Spectral Study
The optical absorption spectra of ZnPc and ZnNc solutions and their hybrids in DMF are shown in Figure 1 . The phthalocyanines are soluble in DMF while their hybrids exhibit good dispersion in this solvent. The Q-band of ZnPc in DMF is located at 674 nm, while the Q-band of ZnNc is shifted to the near-infrared region and centered at 763 nm. In both cases the Q-bands are attributed to the π-π* transition from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) of the aromatic ring. [32] Both ZnPc and ZnNc exist in the solutions in a monomeric form, as evidenced by the narrow Q-bands in the electronic absorption spectra.
[33] The CNTs with sufficient electron delocalization act as the favorable adsorption sites for ZnNc. ZnNc molecules are adsorbed on the CNT surface via the π-π interactions to form the CNT/ ZnNc hybrid. Both CNT/ZnPc and CNT/ZnNc hybrids are characterized by broadened absorption peaks with lowered intensities. Similar absorption spectra were demonstrated for ZnPc adsorbed on the surface of graphene composite by Karousis et al.; [34] they have revealed that such spectra give obvious indication of ground-state electronic interactions between ZnPc and graphene within the hybrid materials.
Microscopic Study
Indirect evidence for CNT/ZnPc and CNT/ZnNc interactions can be reached from scanning electron microscopy. Inspecting the SEM images of pristine CNT shows the presence of large bundles of nanotubes. Figure 2 shows SEM images of pristine CNT (a) and CNT/ZnNc hybrid (b) as powders. Compared to the pristine CNT (Figure 2a) , the SEM images of CNT/ZnNc hybrid show the observable increase of the thickness of CNT bundles, confirming the formation of nanohybrids, probably due to π-π interactions between the phthalocyanine and CNT. After CNT functionalization with ZnNc, nanoparticles of ZnNc with a diameter from several to tens of nanometers are clearly resolved on CNT walls. Figure 2b obviously shows the bundles of nanotubes in the hybrid and the clusters of phthalocyanine attached on the surfaces of CNTs.
The non-covalent functionalization of CNT with ZnPc was also confirmed by Raman spectroscopy. The Raman Hybrid Materials of Zn(II) Phthalocyanines and Naphthalocyanine Derivatives with Single Walled Carbon Nanotubes spectra of the hybrids were compared to that of pristine CNTs (Figure 3a) . The ratio of intensities of the radial breathing modes (RBM), disorder (D) mode and graphite (G) mode are used to monitor functionalization with the phthalocyanines. [35] [36] [37] [38] [39] The spectra were normalized to the graphite G-band at ~1590 cm Figure 3b shows the enlarged section of the Raman spectrum from 400 to 1300 cm -1 , showing the characteristic vibrations of phthalocyanine macrocycle. The bands corresponding to Pc macrocycle are noticeable in the spectrum of both CNT/ ZnPc and CNT/ZnNc. Comparison of the hybrids' spectra with those of pure ZnPc and ZnNc (Figure 3b) shows that some characteristic vibrations of phthalocyanine macrocycle were noticeably shifted due to interaction with CNT.
The RBMs of CNT in the range of 156-310 cm -1 (Figure 2a) correspond to a distribution of CNT diameters in the range from 0.7 to 1.4 nm. [40, 41] [42] The π-π stacking interaction between carbon nanotube walls and the MPc core gives rise a shift to a higher frequency range due to the "hardening effect" described by Zhang et al. [43] 
TG Analysis
To estimate the amount of ZnPc and ZnNc molecules adsorbed on CNT surface TG analysis was carried out. Figure 4 shows the weight loss of about 10.7 % in the case of pristine CNTs at 600 °C. It has also been revealed that the thermograms of ZnPc ( Figure 4 ) and ZnNc ( Figure 5 ) present a loss of weight of 29.1 % and 28.3 %, respectively. A weight loss of 16.3 % and 21.5 % was registered in the TGA experiment upon heating of hybrids to 600 °C in the inert atmosphere for CNT/ZnPc and CNT/ZnNc, respectively. Taking into account the CNT weight loss, the corrected weight loss of the hybrids due to ZnPc or ZnNc adsorption on the CNT surface was calculated to be 5. As a result, the number of ZnNc molecules anchored on the CNT walls is more than the number of ZnPc molecules. The more preferable p-p interaction of ZnNc molecules with CNT appears to be due to the larger number of p-electrons forming naphthalocyanine aromatic system. Similar results were obtained by E. Kaya et al.; [26] it was shown that the number of ZnPc molecules containing aromatic pyren substituent is more than that of similar ZnPc derivative without pyren.
Study of sensing properties of CNT/ZnPc and CNT/ZnNc hybrids
Thin films of CNTs and their hybrids with ZnPc and ZnNc were spun onto interdigitated electrodes in order to investigate their sensing properties. The average thickness of the investigated films was 10-15 nm. Figure 6 shows the normalized sensor response R (R=(R-R o )/R o , where R is the film resistance at the detected concentration of an analyte and R o is the baseline resistance) of the sensor layers of CNT/ ZnPc and CNT/ZnNc hybrids as well as pristine CNT on exposure to 10, 20, 30, 40 and 50 ppm of NH 3 . The resistance of the obtained films increases as a result of adsorption of the electron donating NH 3 molecules, leading to charge transfer between the hybrid film and NH 3 molecules. This result shows that the hybrids exhibit p-type conductivity behaviour. All studied sensors demonstrate a reversible response. The recovery time of CNT/ZnPc and CNT/ZnNc hybrids is 30 and 40 s, respectively, while that of pristine CNT is 60-80 s. The studied hybrids exhibit more stable and reproducible response upon exposure to NH 3 compared to that of pristine CNT films. Figure 7 demonstrates the dependence of the relative sensor responses of CNT/ZnPc, CNT/ZnNc hybrids and pristine CNT on the NH 3 concentrations. It is obvious that the sensor response of both hybrids is higher than that of pristine CNT.
It has already been shown elsewhere [44] that surface charge transfer interaction occurs upon adsorption of strong electron donor molecules like ammonia onto the surface of phthalocyanine derivative in their hybrids with carbon nanomaterials. The electrons transfer from NH 3 to a phthalocyanine molecule; the formed charge-transfer complexes trap holes leading to increase of the resistance. Since CNT/MPc conjugates can form an excellent charge transfer complexes, [45] the charge can favourably travel from MPc derivatives to CNTs rapidly, resulting in a large and fast variation of the resistance. The combination of the useful properties of CNT (namely, high conductivity and extremely high surface area), and the properties of MPc derivatives (namely, appropriate binding sites for ammonia resulting in charge transfer complexes) provides grounds for synergetic effect between CNTs and ZnPc (or ZnNc) derivatives as active layers for sensor applications.
It is necessary to mention that the CNT/ZnNc hybrid has higher response in comparison with CNT/ZnPc, that is in good correlation with the number of molecules adsorbed onto the CNT wall, as estimated by TGA (Figures 4 and 5) . The more MPc molecules are adsorbed on CNT surface, the larger sensor response is observed.
Conclusions
Hybrid structures of single-walled carbon nanotubes with zinc 2,9,16,23-tetra-tert-butylphthalocyanine (ZnPc) Hybrid Materials of Zn(II) Phthalocyanines and Naphthalocyanine Derivatives with Single Walled Carbon Nanotubes and zinc 2,11,20,29-tetra-tert-butyl-2,3-naphthalocyanine (ZnNc) have been prepared and characterized by spectral methods and microscopy. It was shown by the methods of Raman spectroscopy and thermogravimetry that ZnNc interacts with CNT more efficiently than ZnPc. The amount of ZnNc anchored on the surface of nanotubes is almost 1.8 times more than ZnPc. To demonstrate the potential applications of the CNT/ZnPc and CNT/ZnNc hybrids towards gas sensing, a resistive gas sensor device based on the hybrid materials has been fabricated. The comparative analysis of sensor response of pristine CNT films and hybrid films to ammonia vapour (10-50 ppm) was carried out to demonstrate the synergetic effect between CNTs and the phthalocyanine derivatives. It was shown that the sensor response of both hybrids is higher than that of pristine CNT. At the same time the response of the films of CNT/ZnNc hybrid to the ammonia vapour is about 3 times larger than that of the films of CNT/ZnPc hybrid.
